16s rDNA analysis was performed on 32 strains of 26 species of the genera Rhodococcus and Nocardia in order to investigate the phylogenetic structure of these genera within the radiation of other mycolic-acid-containing genera such as Corynebacterium, Dietzia, Gordona, Mycobacterium and Tsukamurella. The genus Rhodococcus shows a complex structure, consisting of six phylogenetically equidistant lineages. The genus Nocardis does not appear to be a sister taxon of Rhodococcus but branches off from within the radiation of Rhodococcus; thus its species can be considered to be derived from a Rhodococcus ancestor. The main known phenotypic feature that separates Nocardia species from those of Rhodococcus appears to be the presence of a cyclic component in menaquinone of the MK-8(H4) type.
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In the chapter 'The taxonomy of the genus Nocardia: some light at the end of the tunnel?', Lechevalier (1976) provides an excellent summary of the history of the genus Nocardia, from its original description (Trevisan, 1889) to the advent of numerical taxonomy and chemotaxonomy. After reading of the many attempts to define an authentic Nocardia species, actinomycologists who entered taxonomy in the 1980s realized how difficult it must have been to delineate taxa when emphasis was placed mainly on morphological criteria. The differentiation of species today recognized as being clearly different from Nocardia asteroides and its relatives took about ten years and extensive numerical phenetic studies, only some of which should be mentioned here (Goodfellow, 1971 ; Goodfellow et al., 1974; Kurup & Schmitt, 1973; Tsukamura, 1969 Tsukamura, , 1974 . As a result of these studies, it was agreed that (i) N. asteroides as defined by Gordon & Mihm (1 962) was heterogeneous, (ii) N . asteroides clusters closely with N. brasiliensis and ' N . caviae', (iii) the exact position of the rhodochrous complex remained unclear, but constitutes a heterogeneous collection of organisms distinct from nocardiae and mycobacteria, and (iv) N. madurae (and N . pelletieri when tested) clustered separately from the other strains tested.
The taxonomic status of the rhodochrous complex has been a matter of controversy, in that these organisms were classified as Nocardia (Lechevalier et al., 1971) , Gordona (Tsukamura, 1971) and Proactinomyces (Bradley & Bond, 1974) . A thorough co-operative numerical phenetic study, supplemented with an analysis of precipitinogenic properties and types of mycolic acids, of 78 rhodochrous cultures and additional marker cultures from Mycobacterium, Nocardia and Actinomadura (Good fellow & Orchard, 1974; Minnikin et al., 1975) confirmed the distinctness of the rhodochrous complex from these neighbouring taxa. Possible membership of the rhodochrous strains to Mycobacterium, Nocardia, Actinomadura and Oerskovia could be excluded (Goodfellow, 1971 ; Goodfellow e t al., 1974; Bousfield & Goodfellow, 1976) . This was supported by the results of antibiotic sensitivity (Goodfellow & Orchard, 1974) , chemical analysis (Ratledge & Patel, 1974) , DNA hybridization (Bradley & Mordarski, 1976 ; Mordarski e t al., 1977) and serology (Ridell & Norlin, 1973) On: Sun, 13 Jan 2019 12:38:11
to Nocardia than to Mycobacteritlm. Based on the results of these studies, and on a comprehensive numerical taxonomic classification study, the generic name Rhodococctls was proposed for the ' rhodochrous ' taxon (Goodfellow & Alderson, 1977) , thus giving Rhodococcus Zopf 1891 priority over Proactinomyes (Jensen, 1953) , Jensenia (Bisset & Moore, 1949) and Gordona (Tsukamura, 1971) . R. rhodochrotls was designated the type species and eight additional species were described : R. bronchialis, R. coprophiltls, R. corallintls, R. erythropolis, R. eqtli, R. rhodnii, R. rzlber, R. rgbropertincttrs and R. terrae.
More than 20 species have been allocated to the genus Rhodococctls, on the basis of the combination of morphological and chemotaxonomic characteristics. Nevertheless, the delineation of Rhodococczls from Nocardia remains problematic, as hardly a single character of diagnostic value has been found to distinguish members of the two genera (Goodfellow, 1992) . Only recently, by the finding of a cyclic component in the menaquinone fraction of the MK-8(H4) type exclusively in members of Nocardia, has a character of differentiating value been described (Howard e t al., 1986) . Molecular studies applying sequence analysis of 5 s rRNA, 16s rRNA cataloguing or reverse transcriptase of 16s rRNA, were performed on only a few species of each of the two genera (Collins e t al., 1989 ; ; Luehrsen e t a/., 1989). However, it became apparent that the genus Rhodococctls contained several species that did not group phylogenetically with R. fascians and R. erythropolis (the type species R. rhodochrozls has not been included in phylogenetic analyses so far). As the phylogeny of the individual strains was supported by chemotaxonomic properties, two new genera were described, Gordona for R. bronchialis, R. rtlbropertincttls and R. terrae (Stackebrandt e t al., 1988) , and Tstlhmtlrella patlrometabola for R. atlrantiactls and Corynebacterizlm patlrometaboltlm (Collins e t al., 1988) . In order to investigate the coherency of Rhodococctls and its phylogenetic relatedness to members of the genus Nocardia, in this study the majority of Rhodococctls species and several species of Nocardia were investigated by 16s rDNA sequence analysis and the sequences compared to other genera of the Cor3ynebacteritlm-Mycobacteritlm-Nocardia group (enlarged CMN group) of mycolic acid-containing actinomycetes.
METHODS
Bacterial strains and cultivation. Strains analysed, with their 16s rDNA EMBL accession numbers, are listed in Table 1 . All strains were cultivated as indicated in the DSM Catalogue of Strains (1993) .
165 rDNA sequencing. Extraction of genomic D N A and amplification of the 16s rDNA was carried out as described previously (Rainey et al., 1992) . PCR products were sequenced directly using the Taq DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems), according to the manufacturer's protocol. The sequence reactions were electrophoresed using the Applied Biosystems 373A DNA sequencer.
Sequences were manually aligned with published sequences from representatives of the main actinomycete sublines of descent included in the Ribosomal Database Project (Larsen X80633  X79292  X80627  X80626  X80614  X79289  X79186  X80619  X80620  X79187  X80617  X79290  X79291  X80630  X80631  X80621  X80622  X80623  X79288  X80624  X80625  X80616 X80628 X80629 * A superscript T denotes a type strain. t N. amarae and R. aicbiensis were recently renamed Gordona amarae and Gordona aicbiense (Klatte e t al., 1994a Phylogeny of Rhodococcus and Nocardia et a/., 1993) and from our own entries. Pairwise evolutionary distances were computed using the correction of Jukes & Cantor (1969) . Phylogenetic analyses were carried out by neighbour-joining analysis (Saitou & Nei, 1987) . Bootstrap values, based on the analysis of 1000 trees of 814 polymorphic sites, were calculated using the programs NJFIND and NJBOOT.
Tsukamurella

T. paurometabola
DNA isolation and characterization. Isolation of DNA and DNA-DNA hybridization followed described procedures (Escara & Hutton, 1980; Hun e t al., 1983) .
RESULTS AND DISCUSSION
The almost complete 16s rDNA sequence was determined for 10 Nocardia species and 22 strains of 16 Rhodococczls species. In order to compare sequences of similar length and the same quality, sequences were redetermined for several members of the genera Nocardia, Rhodococczls, Gordona, Tszlkamzlrella and Corynebacterizlm, sequences of which have been published previously (compiled by Larsen etal., 1993) (Table 1 ). The length of the sequences comprised 95% of the E. coli 16s rDNA sequence (Brosius et al., 1978) .
The phylogenetic relationships between the strains sequenced in this study and four reference strains each of the genera Mycobacterizlm and Corynebacterizlm are shown in Fig. 1 . The corresponding 16s rDNA similarity values are available from the authors on request. As shown before, the genera Corynebacterizlm (Collins e t al., 1989) , which forms the deepest-branching lineage within the group of mycolic-acid-containing organisms, thus the root (Stackebrandt & Smida, 1 988), Mycobacterizlm (Stackebrandt & Smida, l988), Tszlkamzlrella (Collins e t al., 1988) and Gordona represent phylogenetically well-defined taxa. Previous studies, which included only a few Rhodococczls and Nocardia species, could not provide an insight into the inter-and intrageneric relationships of these two genera (Collins e t al., 1988; Stackebrandt e t al., 1988) . The data obtained with an almost complete set of validly described Rhodococczls species (R. aopji has been published only recently and was not included in this study) reveal a surprising phylogenetic diversity. With the exception of R. chlorophenoliczis, which has been recently reclassified as a Mycobacterizlm species (Haggblom et al., 1994) , the remaining 14 species are found to represent, or to be members of, seven lines of descent.
The genus Nocardia
The majority of Nocardia species are related to the type species N . asteroides. However, N . restricta and N . calcarea group closely with R. eqzli and R. erythropolis respectively, while N. corynebacteroides forms an individual branch within Rhodococcus, and N. amarae clusters with Gordona. The transfer of this species into Gordona as G. amarae has recently been proposed (Klatte e t al., 1994a) . The taxonomic conclusion of Goodfellow (1 986 rDNA group IV. Group IV is the largest Rhodococczls cluster, containing four phylogenetically well-separated species (97.2-98-5 % similarity), an undescribed Rhodococczls isolate and Nocardia calcarea. R. opaczls has recently been described for a group of organisms shown to be nutritionally versatile (Klatte e t al., 1994~) . The classification of N. calcarea as a synonym of R. erythropolis (Goodfellow, 1986) is confirmed by 16s rDNA analysis and DNA-DNA hybridization. The close phylogenetic position of the phage-propagating strain DSM 43943, isolated from forest soil, next to the obligate marine and psychrotrophic species R. marinonascens (98.9 YO sequence similarity) is surprising. As no physiological and chemotaxonomic data are as yet available on strain DSM 43943, taxonomic conclusions cannot be drawn.
IP: 54.70.40.11
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rDNA group V. This single-species group is composed of Nocardia corynebacteroides, clustering within the radiation of Rhodococcus species. Thus we confirm the transfer of this species into Rhodococcus as proposed by Goodfellow (1986) . However, we cannot confirm the conclusion that N . corynebacteroides constitutes a strain of R. globerulus (96.7% sequence similarity), a member of rDNA group IV. N . corynebacteroides lacks the Nocardia-specific signature of menaquinone of the MK-8(H4cyclic) type, thus substantiating its removal from the genus Nocardia. rDNA group VI. The two species of this subline of descent, N. restricta and R. equi, considered to be synonyms by Goodfellow (1986) , also share high sequence similarity of 100% and a DNA reassociation value of 96 %. It appears from the phylogenetic tree that the R. equi line of descent and members of Nocardia share a common "C. polymorphus "
ancestry, but, as mentioned above, the statistical significance for this branching is not high.
The genus Gordona
This genus was established as a home for misclassified Rbodococczrs species, which clustered separately in a phylogenetic study and showed significant chemotaxonomic differences from the majority of Rhodococctls species . Recently R. aicbiensis and N . amarae have been transferred to the genus Gordona (Klatte et al., 1994b (Rainey e t al., 1995a) .
Conclusion
The study presented here indicates the phylogenetic position of the majority of Rhodococcus species and a substantial number of Nocardia species. The results add to the ongoing attempts to improve the general taxonomic status of Rhodococcus by excluding misclassified strains and identifying overclassified species. The number of validly described Rhodococcus species has been reduced by application of phylogenetic and chemotaxonomic techniques from 23 to 10 over the last six years. Former Rhodococcus strains are found in the genera Dietxia, Gordona, Mycobacterium and Tsukamurella, or have lost their species status through synonymy with other species. The generally accepted genotypic and phenotypic diversity of morphologically similar organisms may have been the problem of interpreting the results of earlier numerical phenetic studies (e.g. Tsukamura, 1969 Tsukamura, , 1974 Goodfellow, 1971 ; Goodfellow e t al., 1974; Goodfellow & Alderson, 1977) , which are not suitable to reliably determine relatedness at the genus level.
The phylogenetic depth of the authentic genus Rhodococcus is comparable to that of Cotynebacterium, Mycobacterium and Gordona, consisting of several individual sublines of descent. The most interesting result from an evolutionary aspect is the finding that the genus Nocardia does not appear to be a sister taxon of Rhodococcus or any other genus of the enlarged CMN group, but can be considered a branch developing from within the radiation of Rhodococcus species. The bootstrap value determined for the branching point that separates the genera Nocardia and Rhodococcus, is 71 %, which can be considered significant. Thus, it seems unlikely that the position of the authentic Nocardia species radiating from within Rhodococcus will change to an extent that it would represent an individual line, equivalent to those found for Rhodococcus, Gordona or other genera depicted in Fig. 1 . The bootstrap value determined for the branching point of the Nocardial Rhodococcns cluster from the other genera shown in Fig. 1 is as high as 59 O h . O n the other hand, the individual sublines defined by Rhodococcus species and misclassified Nocardia species (clusters I-VI) are defined by low bootstrap values (often below 16%) and hence the branching order of these sublines may change to some extent with the number of reference and outgroup species included in the analysis. The inclusion of an outgroup organism such as Arthrobacter globzformis shows the Corynebacterium lineage to represent the position of the root in Fig. 1 , thus excluding the possibility that the root could separate the genus Nocardia from the genus Rhodococcu~. As compared to properties defining Rhodococcus species it is not just the morphology but mainly the presence of a unique menaquinone type that has been identified as a Nocardia-specific character. It could be speculated that these features evolved from ancestral states present in Rhodococcus species of hitherto unknown affiliation. In order to obtain a more complete picture of the diversity of the genus Nocardia, it appears necessary to analyse the remaining species using both phylogenetic and chemotaxonomic approaches.
